Background Anaphylactoid reactions to intravenous (IV) N-acetylcysteine (NAC) are well-recognized adverse events during treatment for acetaminophen (APAP) poisoning. Uncertainty exists regarding their incidence, severity, risk factors, and management. We sought to determine the incidence, risk factors, and treatment of anaphylactoid reactions to IV NAC in a large, national cohort of patients admitted to hospital for acetaminophen overdose. Methods This retrospective medical record review included all patients initiated on the 21-h IV NAC protocol for acetaminophen poisoning in 34 Canadian hospitals between February 1980 and November 2005. The primary outcome was any anaphylactoid reaction, defined as cutaneous (urticaria, pruritus, angioedema) or systemic (hypotension, respiratory symptoms). We examined the incidence, severity and timing of these reactions, and their association with patient and overdose characteristics using multivariable analysis. Results An anaphylactoid reaction was documented in 528 (8.2%) of 6455 treatment courses, of which 398 (75.4%) were cutaneous. Five hundred four (95.4%) reactions occurred during the first 5 h. Of 403 patients administered any medication for these reactions, 371 (92%) received an antihistamine. Being female (adjusted OR 1.24 [95%CI 1.08, 1.42]) and having taken a single, acute overdose (1.24 [95%CI 1.10, 1.39]) were each associated with more severe reactions, whereas higher serum APAP The original version of this article was revised: Table 4 in PDF version of this article has been corrected since the original publication of the article because the first column of numbers (under the heading "Female") in the original PDF version was typeset poorly so that the numbers could not be correctly interpreted. concentrations were associated with fewer reactions (0.79 [95%CI 0.68, 0.92]). Conclusion Anaphylactoid reactions to the 21-h IV NAC protocol were uncommon and involved primarily cutaneous symptoms. While the protective effects of higher APAP concentrations are of interest in understanding the pathophysiology, none of the associations identified are strong enough to substantially alter the threshold for NAC initiation.
Introduction
Adverse reactions to intravenous N-acetylcysteine (NAC) including urticaria, pruritus, facial flushing, wheezing, dyspnea, and hypotension are well-recognized complications of treatment for acetaminophen poisoning [1, 2] . These reactions have been termed Banaphylactoid^as the ]mechanism is believed to involve non-IgE-mediated histamine release or direct complement activation. Importantly, and unlike true anaphylaxis, prior exposure to NAC is not required, nor is continued or future treatment contraindicated [3] . The reported incidence varies widely from 3.7 to 44%, likely due to differences in the definition of an anaphylactoid reaction; the inclusion of non-anaphylactoid adverse events such as nausea, vomiting, and headache; the initial rate of infusion of IV NAC; treatment thresholds including variable RumackMatthew nomogram treatment lines; and retrospective versus prospective data collection [2, 4, 5] .
It is believed that several factors are associated with an increased risk of anaphylactoid reaction to NAC, including a history of asthma [6, 7] , atopic disease [5] , family history of allergy [8] , lower acetaminophen concentrations on admission [4, [8] [9] [10] , female sex [10] , younger age [10] , lower alcohol consumption [10] , a history of previous reaction to NAC [10] , and a time interval from ingestion to treatment with NAC greater than 8 h [4] . In addition, two randomized clinical trials and several prospective studies have examined the effect of changing the infusion protocol on adverse reactions, with contradictory results [11] [12] [13] . A better understanding of NAC anaphylactoid reactions would inform the ongoing discussion regarding optimal loading protocols [12, 13] , risk-benefit of the intravenous route over oral [14] , and treatment threshold for NAC [15] , an essential antidote which must often be dosed empirically before specific signs of toxicity are apparent. Furthermore, variations in the management of anaphylactoid reactions still exist, and clinicians may be reluctant to re-administer NAC following such a reaction, despite expert consensus supporting such a practice [1] .
A large, multicenter study of acetaminophen overdose patients admitted to Canadian hospitals over 25 years provided a unique opportunity to study the incidence, clinical features, risk factors, and management of anaphylactoid reactions to IV NAC. We sought to estimate the incidence, timing, type, and severity of anaphylactoid reactions to the 21-h IV NAC protocol and to identify the risk factors associated with these reactions.
Methods

Design
This was a planned analysis of the Canadian Acetaminophen Overdose Study database, a large, retrospective cohort of patients hospitalized following acetaminophen overdose. The Conjoint Health Research Ethics Board of the University of Calgary approved the study.
Participants and Setting
The Canadian Acetaminophen Overdose Study was a structured explicit medical record review of all patients admitted for acetaminophen poisoning to 34 hospitals in eight large Canadian cities between February 1980 and November 2005. Potentially eligible patients with acetaminophen poisoning as their primary or secondary discharge diagnosis were identified using the International Classification of Diseases codes 965.4 (9th revision, poisoning by aromatic analgesic) and T39.1 (10th revision, poisoning by nonopioid analgesics, antipyretics, and antirheumatics [4-aminophenol derivatives]). A single investigator trained one to three medical record reviewers per city until a percentage agreement of 80% or greater and an interreviewer κ > 0.8 were established on a random subset of at least 50 records per reviewer. Medical record reviewers were blinded to the study hypothesis. Accuracy of data collection was assessed by independent review of the first 100 charts for each data abstractor, followed by quarterly database assessment for the duration of data collection. Data was collected from paper medical records for the entire study period (July 1997 to November 2005), which predated the widespread adoption of electronic medical records. The primary objective of this medical record review was to obtain a comparable number of patients treated with the 21-h IV NAC protocol to compare outcomes to those treated with the 72-h oral NAC protocol. Further details on the design, selection of participants, definitions, and data collection of the Canadian Acetaminophen Overdose Study have been described previously [14] .
For the purposes of the current study, patients were selected from the larger dataset if they were treated initially with the 21-h IV NAC protocol, regardless of ingestion type or whether the extrapolated 4-h acetaminophen concentration was above or below the Rumack-Matthew nomogram line. Subjects were deemed to have been treated initially with the 21-h IV NAC course of therapy when it had been ordered as a 150 mg/kg infusion over 15 to 60 min, followed by 50 mg/kg over 4 h, and finally 100 mg/kg over 16 h, consistent with the approved product label in Canada (the label specifies a loading dose over 15 min). Actual treatment durations less than or greater than 21 h were retained, but patients initially treated with NAC regimens other than the 21-h IV protocol (e.g., 48 h IV, 72 h oral) were excluded.
Study Definitions
Chart abstractors were trained to identify potential adverse reactions to NAC by thorough review of the available medical records, including emergency department physician and nursing notes, consultations, admission history and physical, orders, inpatient records, and discharge summaries. An anaphylactoid reaction was defined as the presence of any of the following during the NAC infusion: documentation in the medical record of the words Banaphylactic,^Banaphylactoid^or Ballergic reaction^; urticaria (any variant of the word Brash^); pruritus (any variant of the word Bitchy^); hypotension (adults: systolic ≤ 90 mmHg or a decrease of ≥ 40 mmHg; pediatrics (age < 18): systolic ≤ 70 + (age in years × 2) mmHg); edema (angioedema, swelling of the lips, tongue, and/or around eyes); respiratory symptoms (cough, wheeze, stridor, shortness of breath, chest tightness, respiratory distress, or bronchospasm); or death attributed to NAC. Reactions were classified as cutaneous (yes/ no) if the reaction included urticaria, pruritus, and/or edema, and as systemic (yes/no) if the clinical features included respiratory symptoms or hypotension [2] . We did not collect data on asthma, atopy, family history of allergy, and previous reactions to IV NAC during the medical record review; therefore, we were unable to study the effect of these risk factors on the development of an anaphylactoid reaction.
Anaphylactoid reactions were deemed absent when none of the above terms were mentioned on the data collection form. Nausea or vomiting was not deemed per se to represent an anaphylactoid reaction. The infusion rate of NAC during which the reaction began, the duration of initial loading dose, and any treatment of the reaction including temporary or permanent discontinuation of the infusion were documented. Finally, any medications administered to treat the anaphylactoid reaction were also extracted from the medical record.
These medications were classified into one of four categories: antihistamines, beta-agonists, corticosteroids, or epinephrine.
Acetaminophen ingestions were classified as acute (either single ingestion taken at a known time consistently reported in the medical record, or when the ingestion window including the most extreme discrepant times in the medical record was ≤ 8 h) or chronic (ingestion over > 8 h). The highest measured (peak) acetaminophen concentration was identified from all concentrations obtained. For all acute ingestions, the first post-4 h serum acetaminophen concentration was also identified using any measurements obtained at least 4 h but no more than 24 h after an acute ingestion, and converted to a 4-h equivalent concentration assuming a 4-h elimination half-life. When the time of ingestion was not a single moment in time or not consistently reported, the time of ingestion was taken to be the earliest possible time of the ingestion window, as per usual clinical practice.
Outcome
Because reactions differ in severity, the primary outcome was a three-level ordinal variable ranked by increasing severity: no reaction, cutaneous only, and any systemic reaction. We also examined as secondary outcomes each reaction type as binary variables: any anaphylactoid reaction (yes/no), any systemic reaction (yes/no), and any cutaneous reaction (yes/no).
Data Analysis
Serum acetaminophen concentrations were logarithmically transformed, as were time intervals given the substantial positive skew. For univariate comparisons of these continuous measures between the three mutually exclusive reaction groups (no reaction, cutaneous only, and any systemic reaction), the non-parametric Kruskal-Wallis test on the untransformed natural scale measures was used to confirm the findings of the parametric analysis based on comparing the logtransformed means via ANOVA. In the primary analysis, the three-level outcome of reaction severity was modeled using mixed-direction stepwise multivariable logistic regression with a threshold for addition to the model of 0.1 and for removal of 0.05. We considered each of the following candidate predictor variables: age, sex, ingestion type, peak acetaminophen, first post-4 h acetaminophen, dose reportedly ingested, interval from ingestion to NAC, and ethanol coingestion. In separate secondary analyses, the binary variables by reaction type were also modeled using the same candidate predictors and model construction.
Results
Of 11,987 hospital admission records in the primary study database, 1037 were excluded because their chart was not available for review, 3487 because they did not receive NAC, and 1008 because a NAC protocol other than the 21-h IV was started. Thus, 6455 patients all initially treated with the 21-h IV NAC protocol were included in this study. Of these patients, 136 died, including 34 who did not exhibit clinical signs of hepatotoxicity and 16 who underwent liver transplantation. Less than 3% of patients were enrolled prior to 1988, and we consistently identified more than 300 cases a year treated with the 21-h IV NAC protocol from 1992 to 2005. Table 1 summarizes the characteristics of this group.
Anaphylactoid reactions were reported in 528 (8.2%) patients, of whom 398 (75.4%) manifested only cutaneous involvement. Three-hundred and seventy-one (70.3%) reactions were first noted during the second infusion phase of NAC (i.e., 50 mg/kg over 4 h) and 133 (25.1%) during the first infusion (i.e., 150 mg/kg over 15-60 min). Of the patients who developed reactions during the first infusion, 75 (56.4%) had received the loading dose administered over 15 min. After adjusting for the duration of the phase of infusion, the time-weighted risk was highest during the first phase, i.e., > 2%/h using the most conservative estimate of a 60-min duration for the first infusion compared to 1.4%/h during the second phase and 0.03%/h during the third. This timeweighted risk was even higher when the effect of shorter loading phases was incorporated into the analysis under the very 400 μg/mL to < 500 μg/mL 233 (3.6) 300 μg/mL to < 400 μg/mL 477 (7.4) 200 μg/mL to < 300 μg/mL 899 (13.9) 150 μg/mL to < 200 μg/mL 715 (11. conservative assumption that a shorter loading phase was not associated with an increase in anaphylactoid reactions (Fig. 1) Table 3 compares the characteristics of patients by the primary outcome of reaction severity (i.e., none, cutaneous only, or systemic). Risk factors of patients who developed more severe reactions included age, female sex, and no coingestion of ethanol. In addition, the measured acetaminophen concentrations were lower in patients with more severe reactions, and the time interval from ingestion to treatment with NAC was substantially longer, especially in patients with systemic reactions. Thus, the extrapolated 4-h equivalent acetaminophen concentrations as calculated by the nomogram (which estimate the ingested dose by incorporating the delay postingestion) were more similar between groups, being only slightly higher in patients with no reaction. Table 4 describes the results of the logistic regression analysis of predictor variables. The factors that were independently associated with a more severe reaction were being female; having overdosed at a single, known, and consistently reported time; and having a lower measured serum acetaminophen concentration. While these associations were statistically significant, the strength of association was rather weak, with adjusted odds ratios near one. These factors, and the strength of the associations, were consistent across the secondary models by reaction type. In this analysis, age, first post-4 h [APAP], dose of APAP reportedly ingested, time from ingestion to start of NAC, and coingestion of ethanol were not associated with a more severe reaction.
Discussion
In this large, national cohort of acetaminophen overdose patients, anaphylactoid reactions occurred in about one in 12 (8.2%) treatment courses when using the traditional 21-h IV NAC protocol. Most reactions were cutaneous, and only one in 50 (2.0%) treatment courses reportedly exhibited respiratory effects and/or hypotension. Almost all reactions were noted during the first 5 h of IV NAC. Patients who developed reactions had lower measured serum acetaminophen concentrations. Our data suggest that the acetaminophen concentrations were lower primarily due to longer time intervals from ingestion to presentation, rather than being due to a smaller ingested dose per se. To our knowledge, this cohort is by far the largest reported in the literature with respect to the incidence of anaphylactoid reactions to IV NAC for any indication.
Our findings with regard to the time of adverse reaction onset are concordant with prior studies [4, 11, 16, 17] and with pharmacokinetic models estimating serum NAC concentrations to be much higher during the first few hours of the traditional infusion protocol [13] . In our study, the total number of reactions was highest during the second phase of IV NAC, similar to the findings of Waring et al. [8] . However, since the first or loading phase is considerably shorter than the second (1 h or less versus 4 h), and given any non-zero delay to the recognition of the reaction, the reaction risk rate is actually highest during the loading phase. Similarly, the substantial number of reactions occurring during the first phase when it is at its shortest (i.e., 15 min rather than 60) suggest that the risk rate is substantially higher when this loading dose is given quickly. We did not record the duration of the loading phase in patients not having a reaction during that phase and cannot easily estimate when Canadian physicians moved from the 15-to the 60-min load as our cohort spans 25 years. As a result, we cannot explicitly test the hypothesis that a longer infusion phase is associated with a lower risk of anaphylactoid reactions. Nevertheless, the compelling and dramatic fall in the time-weighted risk parallels the front-end heavy-dosing protocol and corroborates the widely held notion that administering the loading dose over 60 min is associated with a lower incidence and/or less severe reactions to IV NAC.
Kerr et al. found no difference in the incidence of reactions to IV NAC when the loading dose (150 mg/kg) was given over 15 versus 60 min [11] . However, this study has been criticized for lack of power, confounding by co-ingested medications, and lack of blinding. A systematic review by Brok and colleagues reported that administering the infusion of the first dose of NAC over 60 min resulted in reduced odds of any NAC-associated adverse event (including both anaphylactoid and non- Table 4 Multivariable modeling of association between anaphylactoid reaction type and patient characteristic. Each modeled outcome is shown as a separate row. Odds ratios [95% confidence intervals] are shown for an increase in severity of reaction (i.e., any systemic reaction vs. cutaneous only vs. no reaction for the multilevel primary model; yes vs. no for the binary secondary models) for each factor remaining in the final model (i.e., after adjustment for all factors); therefore, an odds ratio < 1.0 signifies a lower likelihood of reaction/severity. APAP concentrations were logarithmically transformed, and the odds ratios shown denote the odds ratio associated with a doubling of the measure NS not significant at P = 0.05 (i.e., removed from final model) anaphylactoid reactions) [18] . A subsequent randomized trial of a shorter infusion protocol with a slower initial load (100 mg/kg over 2 h, then 200 mg/kg over 10 h) has shown fewer adverse effects including anaphylactoid reactions and especially vomiting or retching [12] . Investigators in Australia have reported fewer adverse effects compared to historical controls when using a socalled two-bag schedule (200 mg/kg over 4 h followed by 100 mg/kg over 16 h) [19] [20] . Another group reported their experience with a different two-bag schedule in which the first infusion was slowed even further when patients present shortly after acute overdose. In that study, patients were also empirically administered NAC based primarily on history pending initial laboratory test results [21] . The investigators concluded that empirical administration based on dose reportedly ingested led to an unacceptably high rate of reactions as most patients did not ultimately need treatment. The study also summarized the adverse reactions from prior prospective human studies, pointing out heterogeneity in the classification of these reactions.
Taken in this context, our results and the absence of any known clinical benefit for a faster infusion rate suggest that the loading dose should not be given faster than over 60 min. Indeed, slower infusions should continue to be explored and the collective experience compared to the incidence rates reported herein and by others. We hope that this report provides a relevant benchmark of the risk of cutaneous or systemic reactions to the 21-h IV NAC protocol, with clear and reproducible methodology that can be used to test the safety and tolerability of alternative NAC dosing schedules. Importantly, standardization in the identification and grading of adverse effects with regard to severity should be sought to allow meaningful comparisons, in addition to testing for efficacy [22] .
Others have previously noted that lower acetaminophen concentrations and increasing time from ingestion to NAC treatment are risk factors for anaphylactoid reactions (4, 8, 9) . Acetaminophen itself may exert a protective effect, possibly by inhibition of multiple cyclo-oxygenase enzymes [8] . Our findings suggest that the increasing time delay to NAC is not an independent risk factor, but rather results in patients having a lower acetaminophen concentration due to endogenous clearance over time. In fact, after adjusting for time of serum acetaminophen sampling after single, acute overdose, the estimated 4-h acetaminophen concentrations are remarkably similar between groups, suggesting that any protective effect of acetaminophen is not determined by the ingested dose but rather the remaining parent drug concentration in circulation at the time NAC is started.
Management guidelines for anaphylactoid reactions to IV NAC were proposed many years ago by Bailey and McGuigan [1] . Their guidelines recommend no specific treatment and no change in the NAC infusion if the only symptom is flushing; diphenhydramine 1 mg/kg intravenously for urticaria; diphenhydramine and holding the infusion for 1 h for angioedema; and diphenhydramine, holding the infusion, and consideration of ephedrine for respiratory symptoms or hypotension. If no symptoms reappear after 1 h after stopping the infusion, they recommended that the NAC infusion be restarted. Pretreatment with an antihistamine may also be considered in patients who have previously developed reactions (10) . In our study, most patients who were treated with a medication received an antihistamine. Over half of our patients also had their NAC infusion stopped either temporarily or permanently. We did not attempt to adjudicate whether any of these actions were, in fact, appropriate.
There have been reports of patients developing fulminant liver failure and undergoing hepatic transplantation when NAC was inappropriately discontinued after an anaphylactoid reaction [23] . While administration of IV NAC is not without risk, our results suggest that when anaphylactoid reactions occur, they result in primarily cutaneous symptoms, and fatalities are rare. Given the low incidence of reactions in our study, and the ability to easily treat these reactions should they occur, we believe that IV NAC remains an extremely safe antidote for acetaminophen poisoning.
We encourage clinicians to verify the need for NAC prior to resuming the infusion, but not to withhold the antidote should it in fact be warranted. NAC is often administered empirically when patients present late, or despite serum acetaminophen concentrations below the treatment line of the nomogram, yet these patients are at higher risk for adverse reactions to the intravenous administration of NAC by virtue of having lower serum concentrations of acetaminophen. For otherwise asymptomatic patients presenting late or reporting a chronic ingestion in whom laboratory testing will be delayed, the loading dose might even be administered orally if the likelihood of requiring NAC appears to be less than the risk of a systemic anaphylactoid reaction. However, this approach will need to be studied in order to evaluate its usefulness.
Our study has several limitations. While we had hoped to study the contribution of potential patient risk factors such as asthma, atopy, family history of allergy, previous reactions to IV NAC, as well as the effect of resuming IV NAC in patients who developed a reaction, these data were not abstracted from the medical records and were therefore not available for analysis. Since the data collection was retrospective, we were dependent on the information contained within the medical record. As a result, direct comparison with adverse event rates noted during clinical trials or other prospective studies is not advisable. Our dataset was created using hospitalized patients and did not include patients treated and discharged from the emergency department. However, during the study period, the vast majority of patients treated with intravenous NAC in Canada were admitted to hospital. We only collected data on the duration of the loading phase when patients had a reaction during this phase. This limits our ability to formally test for an association between adverse reactions and rate of infusion. Finally, our database covered the time period from February 1980 to November 2005. We acknowledge the time delay from completion of data collection to presentation of results in abstract form, more comprehensive data analysis, and finally publication of results. With this in mind, there have not been substantive changes in either the administration or the formulation of IV NAC in Canada since 2005; therefore, we are confident that despite the time interval, our results remain applicable to current practice.
Conclusion
In this cohort of hospitalized patients treated initially with the 21-h IV NAC protocol for acetaminophen poisoning, the incidence of anaphylactoid reactions was low. Most reactions were noted during the first few hours of treatment and involved only cutaneous symptoms. Patients who developed reactions were more likely to be female, to have taken an acute overdose, and to have a lower acetaminophen concentration compared to those who did not develop a reaction. While these associations are relevant for understanding the underlying mechanism of this adverse drug effect, they are not strong enough to impact the current clinical decision-making surrounding initiation of NAC.
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